We report on a conceptually new test of the equivalence principle performed by measuring the acceleration in Earth's gravity field of two isotopes of strontium atoms, namely, the bosonic 88 Sr isotope which has no spin vs the fermionic 87 Sr isotope which has a half-integer spin. The effect of gravity upon the two atomic species has been probed by means of a precision differential measurement of the Bloch frequency for the two atomic matter waves in a vertical optical lattice. The final value for the Eötvös parameter is (0.2 ± 1.6) × 10 −7 . This is the first reported experimental test of equivalence principle for bosonic and fermionic particles and opens a new way to the search for the predicted spin-gravity coupling effects.
The most stringent experimental limits for the EP to date come from two methods: the study of the motion of moons and planets and the use of torsion balances [4] . In recent years, experiments based on atom interferometry [5, 6] compared the fall of two Rb isotopes in the Earth's gravitational field reaching a relative precision ∼ 10 −7 [7, 8] . Tests of EP were carried out in which the measurement of Earth's gravity acceleration with an atom interferometer was compared with the value provided by a classical gravimeter [9, 10] . A much higher precision will be achieved in future experiments with atom interferometers that are planned on ground [11] and in space [12] . The possibility of tests with atom interferometry for matter vs antimatter was also investigated [13, 14] . The interest of using atoms is indeed not only to improve the limits reached by classical tests with macroscopic bodies, but mostly in the possibility to perform qualitatively new tests with "test masses" having well defined properties, e.g. in terms of spin, bosonic or fermionic nature, and proton-to-neutron ratio.
Possible spin-gravity coupling, torsion of space-time, and EP violations have been the subject of extensive theoretical investigation (see, for example, [15] [16] [17] [18] [19] [20] [21] ). Experimental tests were performed based on macroscopic test masses [21, 22] , atomic magnetometers [23] , atomic clocks [24] . In [7] , a differential free fall measurement of atoms in two different hyperfine states was also performed. Possible differences in gravitational interac- tion for bosonic and fermionic particles were also discussed [25, 26] and efforts towards experimental tests with different atoms are underway [26, 27] .
In this Letter we report on an experimental comparison of the gravitational interaction for a bosonic isotope of strontium ( 88 Sr) which has zero total spin with that of a fermionic isotope ( 87 Sr) which has a half-integer spin. Sr in the ground state has a 1 S 0 electronic configuration and the total spin corresponds to the nuclear spin. In order to search for spin-gravity coupling effects, this is arXiv:1403.1161v1 [physics.atom-ph] 5 Mar 2014
clearly a specially favorable case. Gravity acceleration was measured by means of a genuine quantum effect, namely, the coherent delocalization of matter waves in an optical lattice.
To compare gravity acceleration for the two Sr isotopes, we confined atomic wave packets in a vertical offresonant laser standing wave and induced a dynamical delocalization by amplitude modulation (AM) of the lattice potential [10, 28, 29] at a frequency corresponding to a multiple of the Bloch frequency ν B = mgλ L /2h, where m is the mass of the atom, h Planck's constant, λ L the wavelength of the optical lattice laser (Fig. 1) . The Bloch frequency corresponds to the site-to-site energy difference induced by the gravitational force and, according to the EP, the frequency difference δ 87,88 for the two isotopes must depend only on the atomic mass ratio R 88,87 = m 88 /m 87 which is known with a relative uncertainty of 1.5 × 10 −10 [30] . The experimental setup was based on a ultrahigh vacuum chamber in which the two Sr isotopes were alternately laser cooled and trapped [10] . An oven produced a thermal atomic beam which was slowed in a Zeeman slower and trapped in a magneto-optical trap (MOT) operating on the 1 S 0 -1 P 1 resonance transition at 461 nm. The loading time of the MOT was about 3 s and 7 s for 88 Sr and 87 Sr atoms, respectively. The temperature was further reduced by a second cooling stage in a "red" MOT operating on the 1 S 0 -3 P 1 intercombination transition at 689 nm. In the case of 87 Sr atoms, the cooling radiation (cycling on the F = 9/2 → F = 11/2 transition) was combined to a second "stirring" laser radiation (tuned on the F = 9/2 → F = 9/2 transition) to randomize the population of Zeeman sublevels to increase the trapping efficiency [31] . The red MOT confined about 5 × 10 6 88 Sr atoms and 5 × 10 5 87 Sr atoms with temperatures of 1 µK and 1.4 µK, respectively. The atoms were adiabatically loaded in a vertical optical lattice in 300 µs. For 87 Sr, this produced an unpolarized sample. The lattice potential was generated by a single-mode frequencydoubled Nd:YVO 4 laser (λ L = 532 nm) delivering up to 1.6 W on the atoms with two counter-propagating beams with a beam waist of about 300 µm. During the gravity measurements the lattice laser frequency was locked to a hyperfine component of molecular iodine by feedback to a piezo-mounted cavity mirror. The single-mode operation of the laser was monitored using a Fabry-Perot cavity; a self-referenced Ti:Sa optical frequency comb enabled precise calibration of the laser frequency. The lattice depth U 0 was controlled and modulated by two acousto-optical modulators. The atomic cloud was imaged in situ at the end of each experiment cycle using resonant absorption imaging on a CCD camera with a spatial resolution of 5 µm.
We measured the Bloch frequency of 88 Sr and 87 Sr by applying an AM burst to the lattice depth for t M = 12 s and 8 s at the = 2 and = 1 harmonic of ν B , respec- tively, and thereafter, detecting the resonant broadening of the atomic cloud width σ z . A first set of measurements consisted on sweeping the AM frequency f M to record a full resonance spectrum. The recording time for a whole resonance spectrum was about 1 hour and led to a maximum resolution of 5 × 10 −7 for ν B,88 and 1.6 × 10 −6 for ν B,87 . A typical resonant tunneling spectrum with the corresponding best fit is shown in Fig. 2 . The error on the Bloch frequency determination was calculated as the standard error of the fit for each resonance profile.
In this work, we also demonstrated a new method to improve the precision of the measurement of ν B and consequently of gravity acceleration by locking of the AM oscillator frequency f M to the Bloch frequency. In analogy to what is done in atomic clocks, f M can be kept at the top of the resonance spectrum in Fig. 2 by means of two consecutive AM interrogation cycles at each side of the spectrum. Subsequent demodulation was achieved by computing the difference of the two consecutive measurements of σ z , which yielded an odd-symmetry error signal suitable for locking. The slope of the error signal across the resonance was about 0.6 mHz/µm for typical experimental parameters ( = 2, t M = 10 s and α = 6% for 88 Sr, = 1, t M = 6.8 s and α = 4% for 87 Sr). The Bloch frequency was determined by recording the f M time series for about 700 s and taking the mean value of the time series.
The sensitivity of the Bloch frequency measurement with the new method was characterized by its Allan deviation. Figure 3 shows the Allan deviation of a set of 101 recorded values of f M for 88 Sr and a set of 42 values for 87 Sr. In both cases Allan deviation scales as t −1/2 (where t is the measurement time) with a sensitivity σ ν B,88 = 1.5 × 10 −6 ν B,88 and σ ν B,87 = 9.8 × 10 −5 ν B,87 at 1 s respectively. This new method, allowed us to improve by more than one order of magnitude the sensitivity in the determination of the frequency of Bloch oscillations (and for gravity acceleration) for 88 Sr with respect to our previous results [10] , achieving a precision of 5 × 10 −8 , while for 87 Sr we obtained a precision of 4×10 −7 . The difference in precision between the two isotopes for both the measurement techniques is due to the reduced signal-tonoise ratio in the absorption profile for 87 Sr. It is caused by the smaller natural abundance for this isotope and the presence of the 10-level hyperfine manifold that yields a higher Doppler temperature and a smaller (about a factor of 2) absorption cross section due to optical pumping in the imaging process, and, for the frequency lock technique, a slightly higher cycle time (29 s vs 27 s).
Each pair of Bloch frequency measurements was used to determine the Eötvös ratio [32] 
where a 88,87 are the measured vertical accelerations for the two isotopes. The data were recorded in N = 68 measurement sessions. Figure 4 shows the experimental results for η, their average value and the comparison with the null value predicted by general relativity. Each point η i is determined with its own error σ i given by the quadratic sum of the statistical error and the uncertainty on the systematic effects. In our differential measurement, many systematic errors such as misalignment of the lattice beams, lattice frequency calibration, gravity gradients, and Gouy phase shift, largely cancel and can be neglected at the present level of accuracy. The main contribution to the systematic error in local gravity measurement with trapped neutral atoms arises from the space-dependent lattice depth U 0 (z) due to the local intensity gradient of the two interfering Gaussian beams [29] . Since we are interested only in the effect of the gravity acceleration upon ν B , the differential acceleration due to the residual intensity gradient must be removed from the ratio given in (1). The correction has been calculated to be
where k 0 = 2π/λ L is the lattice laser wavenumber and we assumed that the difference in the trapping potential due to the dynamic polarizability of the two isotopes is negligible [33] , so that
The expression of the correction in (2) is then given by the product of the shift of ν B,88 induced by the lattice beam gradient ∆ν U = ∂ z U 0 /2 k 0 and a weight factor R 88,87 − 1 ∼ 10 −2 divided by the mean Bloch frequency (ν B,88 + R 88,87 ν B,87 )/2. The physical interpretation of (2) is that the acceleration due to the twophoton scattering process responsible of the confinement in the optical lattice (which carry a momentum 2 k 0 ), has a reduced effect on the differential measurement but does not cancel out. This technical effect affects any EP tests employing an optical waveguide [34] . A precise calibration of the acceleration due to intensity gradient was done by measuring ν B,88 by means of the frequency lock technique. Repeated measurements of ν B,88 were performed with stabilized lattice frequency as function of the total lattice power P = P 1 + P 2 + 2ε √ P 1 P 2 , where P 1 and P 2 is the power sent to the atoms per beam, and ε is a geometrical correction factor due to the mismatch of the beam width of the two beams of order unity. The resulting Bloch frequency shift was ∆ν U = (∂ν B /∂P )P = (6.16 ± 0.56) 10 −6 P Hz/mW corresponding to ∆η U ∼ 3.6 10 −7 for typical operating conditions. The effect of magnetic field gradients in the differential ν B measurement was carefully studied. Residual magnetic field gradients β = ∂B/∂z were estimated by a precise calibration of the 88 Sr red MOT vertical position dynamics to be less than 140 µT·m −1 . While 88 Sr is insensitive to magnetic field gradients at this level of precision [10] , the sensitivity of the 87 Sr atomic sample depends on the average spin projection m F . It was estimated by applying a magnetic field gradient up to 210 mT·m −1 and measuring ν B,87 which resulted in a sensitivity factor ∂ν B,87 /∂β = (2 ± 15) mHz/(T·m −1 ), consistent with a null effect. The effect of tides was estimated about 1 ÷ 0.9 × 10 −8 for a typical time interval of 1 hour between the two ν B measurements for the two isotopes. The total systematic uncertainty is thus dominated by the intensity gradient uncertainty at the level of 3 × 10 −8 , while a residual lattice frequency error due to the frequency lock precision has been estimated lower than 1 × 10 −8 . The final result for the η parameter is η = (0.2 ± 1.6) × 10 −7 , where the uncertainty corresponds to the standard deviation of the weighted mean. This result can be interpreted in terms of the EP violation parameters for the fundamental constituents of the two atoms, according to different parametrizations [14, 35] , but this is beyond the scope of this work.
In conclusion, we performed a test of EP for 88 Sr vs 87 Sr atoms by coherent control of the atomic motion in an optical lattice under the effect of gravity. Our present precision was limited by residual statistical error in the determination of ν B,87 while all the systematics are compatible with 10 −8 level. This result represents the first step towards direct test of spin-gravity couplings with polarized 87 Sr. Further future enhancements in sensitivity will require the development of higher transferred momentum atom interferometry schemes for Sr atoms, and simultaneous probing of the two isotopes [36] . At the same time, Sr optical clocks are showing impressive advances in stability and accuracy with the possibility of building compact and transportable systems [37] . Results from a network of Sr optical clocks already set a limit to the coupling of fundamental constants to gravity [38] . It is possible then to envisage a future experiment in space where a Sr interferometer and a Sr optical clock would be operated at their limit performances to realize stringent tests of general relativity [39] .
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